Mutually exclusive alternative splicing produces transcripts for 12 serpin-1 isoforms in Manduca sexta that differ only in the region encoding the carboxyl-terminal 36 -40-amino acid residues. This variable region includes the reactive center loop, which determines the inhibitory selectivity of the serpin. We investigated mRNA levels of individual serpin-1 isoforms by quantitative PCR. The 12 isoforms were expressed at similar levels in hemocytes, but in fat body isoform B mRNA was present at significantly higher levels than isoforms C, D, E, F, G, J, K, and Z. To investigate the presence of individual serpin-1 isoforms in plasma we used immunoaffinity purification of serpin-1 isoforms from M. sexta plasma, followed by two-dimensional PAGE and identification of protein spots by digestion with a series of proteinases and analysis of the resulting peptides by MALDI-TOF/TOF. We identified nine of the 12 serpin-1 isoforms and, through analysis of putative serpin-1-proteinase complexes, identified three endogenous M. sexta proteinase targets of serpin-1. Our results suggest that M. sexta serpin-1 isoforms A, E, and J can inhibit hemolymph proteinase 8, which activates the cytokine spätzle. At least one isoform of serpin-1 can inhibit hemocyte proteinase 1, another M. sexta blood proteinase. In addition, a complex of serpin-1K in a complex with M. sexta midgut chymotrypsin was identified, suggesting serpin-1 isoforms may also function to protect insect tissues from digestive proteinases that may leak into the hemocoel.
Serpins are a superfamily of proteins that are named for being serine proteinase inhibitors, a function that many serpins perform. Serpins contain an exposed reactive center loop, formed from a region near the carboxyl-terminal end of the protein. A proteinase that begins to cleave a serpin in the reactive center loop typically becomes covalently bound to the serpin and inactivated. The proteinase active site serine forms an ester bond with the acyl group of the serpin P1 residue at the amino-terminal side of the scissile bond, but cannot complete the hydrolysis because the serpin reactive center loop rapidly inserts into the A ␤-sheet, moving the proteinase ϳ70 Å and deforming the proteinase catalytic site (1, 2) . Extracelluar serpins exert control over serine proteinase cascades in vertebrate blood, including complement activation, blood clotting, and fibrinolysis (3, 4) . In insects, serine proteinase cascades initiated by microbial infection elicit antimicrobial peptide production and lead to activation of prophenoloxidase, which catalyzes the melanization response (5) (6) (7) (8) (9) (10) (11) (12) (13) . Serpins inhibit proteinases required for prophenoloxidase activation in Manduca sexta (14 -17) , Drosophila melanogaster (18 -21) , Tenebrio molitor (22) , and Anopheles gambiae (23) . Serpins also regulate the Toll pathway in immune responses of D. melanogaster and T. molitor (22, 24) and in D. melanogaster dorsal-ventral patterning (25, 26) .
In insects, serpin genes have evolved alternative exon splicing, which produces variation in the sequence of much of the reactive center loop, producing multiple functional serpins from a single gene. This was first described in M. sexta serpin-1, which has 12 different copies of exon 9 that undergo mutually exclusive alternative splicing to produce 12 putative protein isoforms. These isoforms differ in their carboxyl-terminal 39 -46 residues, including the P1 residue, and inhibit serine proteinases with different specificities (Fig. 1 ) (27) (28) (29) (30) (31) . Similar alternative splicing occurs in some serpin genes from other insect species, with 3-15 alternative exons encoding the reactive center loop present in genes studied so far (32) (33) (34) . M. sexta serpin-1 is expressed in fat body and, less strongly, in hemocytes (36, 37) . Serpin-1 is secreted into the hemolymph and reaches concentrations of 0.4 mg/ml. However, the presence and amount of the different serpin-1 isoforms in hemolymph has not previously been analyzed. It has been unclear whether both tissues express all 12 isoforms and whether any of the isoforms are preferentially expressed. Analysis of cDNA clones from hemocyte and fat body libraries showed that the hemocyte clones were well distributed over the different isoforms, but 19 of the 21 fat body clones were serpin-1F, which led to the speculation that the fat body preferentially expresses isoform F (30) .
Little is known about the biological functions of M. sexta serpin-1. Only two of the 12 serpin-1 isoforms have been found to form complexes with M. sexta serine proteases. Serpin-1J can inhibit activation of the phenoloxidase pathway and form a complex with prophenoloxidase activating proteinase-3 in vitro (27, 38) , whereas serpin-1I can complex with HP14 3 in vitro (39) . 27 hemolymph proteinases are known in M. sexta (40, 41) and some of these are likely endogenous proteinase targets of serpin-1 isoforms.
In this paper we investigate individual serpin-1 isoform expression at the mRNA level and examine the individual serpin-1 isoform proteins in plasma. We also analyzed putative complexes between serpin-1 and proteinases in plasma samples. Identification of serpin-1 proteinase complexes occurring naturally in hemolymph provides insight into some of the endogenous M. sexta proteinases that serpin-1 inhibits, bringing closer a goal of understanding the function of serpins and proteinases in hemolymph of M. sexta and other insects.
EXPERIMENTAL PROCEDURES
Insects-We originally obtained eggs for the M. sexta colony maintained in our laboratory from Carolina Biological Supply. The insects were reared on an artificial diet as described previously (42) .
RNA Preparation, Primer Design, and PCR-An RNeasy Midi Kit (Qiagen) was used to extract RNA from hemocytes or fat body of fifth instar larvae from both naive insects and insects 24 h after injection of 100 l of a 1 mg/ml of suspension of Micrococcus luteus (Sigma). Hemolymph from eight insects was pooled for each hemocyte sample, and fat body from five insects was used for each fat body sample. RNA was treated with Turbo DNA-free (Ambion) to remove any contaminating genomic DNA. cDNA was synthesized in 20-l reactions with the SuperScript III kit using an oligo(dT) primer (Invitrogen) from 5.36 g of RNA (fat body samples), 1.18 g of RNA (naive hemocytes), and 2.06 g of RNA (induced hemocytes).
Primers for serpin-1 isoforms and ribosomal protein S3 (rpS3) (supplemental Table S1 ) were designed using the primer 3 program (Invitrogen). Semi-quantitative reverse transcriptase (RT) PCR was performed using 0.5 l of midgut, naive fat body or induced fat body cDNA, 1 l of naive hemocyte cDNA, or 0.6 l of induced hemocyte cDNA with 0.5 l of forward primer (10 M), 0.5 l of reverse primer (10 M), and 22.5 l of Platinum PCR Supermix (Invitrogen) in a total volume of 25 l. PCR were run for 30 or 35 cycles (30 s at 94°C, 30 s at 50°C, and 25 s at 72°C). The PCR products were analyzed by electrophoresis on a 1% agarose gel and stained with ethidium bromide. The PCR products from the 35 cycle naive hemocyte reactions were excised from the gel, purified (Qiagen kit), and sequenced (Iowa State University DNA Sequencing Facility) using sequence-specific primers. In an experiment to examine sequences of putative allelic variants of serpin-1E, additional PCR was performed with serpin-1E-specific primers using 0.75 l of naive fat body cDNA in a total volume of 50 l with 5 cycles of amplification at 54°C, 5 cycles at 52°C, and 20 cycles at 50°C. The PCR product was gel purified and cloned into the pCR4-TOPO vector using a TOPO TA cloning kit (Invitrogen) and sequenced at the Kansas State University Gene Expression facility.
For quantitative RT-PCR, RNA was prepared from fifth instar day 2 larvae 24 h after injection with water as a control (50 l/larva) or with M. luteus (Sigma, 50 l/larva, 10 g/l). Body fat and hemocyte samples were collected individually from FIGURE 1. Mutually exclusive splicing of the serpin-1 gene to include different versions of exon 9 produces serpin isoforms with different reactive center loop sequences. A, protein structure of serpin-1K (PDB code 1SEK). The alternatively spliced region is shown in red, and the P1 residue, Tyr 359 , is shown in the "stick" format. B, structure of the M. sexta serpin-1 gene. The first 8 exons encode the constant region of the protein, which is followed by the carboxyl-terminal variable region, encoded by an exon 9. Each exon 9 includes a stop codon to end the open reading frame. Exon 10 includes the 3Ј untranslated region. C, an alignment of the carboxyl termini of the 12 serpin-1 isoforms starting with Lys 336 . The region encoded by the 3Ј end of exon 8 is in blue; exon 9 starts after Asn 352 . Known P1 residues are highlighted in yellow. The first isoform-specific tryptic peptide for each isoform is underlined.
three larvae for each treatment. Total RNA samples were prepared using TRIzol Reagent (Invitrogen Protein Concentration Assay-Protein concentrations were determined with the Coomassie Plus Protein Assay Reagent (Pierce) using bovine serum albumin as the standard.
Antisera-Recombinant His 6 -tagged serpin-1I (27) expressed in Escherichia coli and purified by nickel-nitrilotriacetic acid chromatography and SDS-PAGE was used as antigen for preparation of a rabbit antiserum (Cocalico, Reamstown, PA). Preliminary tests by immunoblot analysis of M. sexta plasma samples indicated that this antiserum was specific for serpin-1 (data not shown). Rabbit antisera to HP6, HP8, and PAP-3 was kindly provided by Dr. Haobo Jiang, Oklahoma State University. Rabbit antisera to peptides representing the reactive center loop region of serpin-1B (GIVPASLILYPEVHI) and serpin-1F (IAVVDSIDIFERTIEFHA) were generated using synthetic peptides conjugated to keyhole limpet hemocyanin (43) .
Immunoaffinity Purification of Serpin-1 Isoforms-Rabbit antiserum generated to recombinant serpin-1I, described above, was used to prepare serpin-1-antibody columns for immunoaffinity purification of plasma serpins. Immunoglobulins in 2 ml of serpin-1 antiserum were cross-linked to 2 ml of protein-A beads (Sigma P9424) as described previously (16) .
Hemolymph from day 1 and 2 fifth instar larvae was collected from a proleg into a sterile tube containing 2.5 mg of diethylthiocarbamate per larva to inhibit melanization. Hemolymph was centrifuged at 10,000 ϫ g for 15 min to remove hemocytes, and the supernatant (plasma) was either used immediately or frozen in aliquots at Ϫ80°C. Untreated naive plasma was used for immunoaffinity purification except for one experiment, where 4 ml of plasma pooled from 16 naive day 1 fifth instar larvae was incubated with either 50 l of 40 mg/ml of M. luteus (Sigma M3770) or 100 l of 10 mg/ml of LPS (Sigma L2630) for 40 min. The LPS-treated plasma was used for immunoaffinity purification of serpin-1 followed by one-dimensional PAGE.
Serpin-1 antibody beads were mixed with 4 ml of plasma and 8 ml of phosphate-buffered saline for 2 h. The beads were centrifuged at 100 ϫ g, washed three times with 12 ml of PBS, and then transferred to a 10-ml disposable chromatography column (Bio-Rad). Serpin-1 was eluted with 10 1-ml applications of elution buffer (100 mM glycine, 10% ethylene glycol, pH 3) collected into 100-l aliquots of 1 M sodium phosphate, pH 8, for neutralization. Samples were analyzed by reducing SDS-PAGE and, for immunoblotting, transferred to nitrocellulose, and detected with antiserum to serpin-1.
Affinity purified serpin-1 elution fractions with protein concentrations of 50 g/ml of protein or less were concentrated using a Centriplus YM-3 centrifugal filter device (Amicon) at 3,000 ϫ g, 4°C, until the volume was reduced from 9 to 2 ml and the concentration of the sample was ϳ110 g/ml. These samples were further concentrated using Microcon YM3 centrifugal filter units (Amicon) at 13,000 ϫ g, 4°C. Elution fractions that had higher initial protein concentrations (60 -130 g/ml) were also individually concentrated in Microcon YM3 centrifugal filter units. The retentates were pooled and used for twodimensional SDS-PAGE.
Two-dimensional Gel Electrophoresis-Concentrated affinity purified serpin-1 (38 g) was prepared for isoelectric focusing (IEF) using the ReadyPrep 2-D Cleanup Kit (Bio-Rad). 11-cm IPG ReadyStrips (4.7-5.9 pH range, Bio-Rad) were rehydrated with 190 l of affinity purified serpin-1 in strongly chaotropic buffer for 16 h prior to running IEF on a Bio-Rad Protean IEF Cell.
After completion of IEF, the strips were equilibrated with 2% dithiothreitol and then 2.5% iodoacetamide for 12 min each, then electrophoresed in a 4 -12% BisTris Criterion gel (BioRad), all performed according Bio-Rad instructions. Immunoblotting was performed with antisera to M. sexta serpin-1, HP1, HP6, HP8, prophenoloxidase-activating proteinase-3, and PPO1 and -2 at 1:2,000 dilution. Coomassie Blue staining was performed with BioSafe Coomassie G-250 stain (Bio-Rad).
Protein Digestion and Identification by Mass SpectrometryThe two-dimensional spots of interest were excised and then analyzed by mass spectrometry at the Nevada Proteomics Center (University of Nevada, Reno). Selected protein spots were digested in bicarbonate buffer with trypsin or a double digest of proteinases lysine-C and aspartic-N (Lys-C/AspN). Other spots were digested by the proteinase glutamic-C (Glu-C) in either bicarbonate or phosphate buffer.
MALDI data analysis peak lists were created using the 4000 Series Explorer software version 3.6 Peaks to the Mascot feature from ABI. MS peak filtering settings included a mass range of 700 -4000 Da, minimum S/N filter 0, and peak density filter of 65 peaks/200 Da with a maximum number of peaks set to 200. MS/MS peak filtering included mass ranges of 60 to 20 Da below each precursor mass, minimum S/N filter 0, peak density filter of 65 peaks/200 Da, and cluster area filter with maximum number of peaks 200. The filtered data were searched by Mascot version 2.1.03 (Matrix Science) using the NCBInr data base (NCBInr 20070908), containing 5,454,477 sequences. Searches were performed without restriction to protein species, M r , or pI and with variable oxidation of methionine residues and carbamidomethylation of cysteines. Maximum missed cleavage was set to 1 and limited to appropriate digestive enzyme and buffer cleavage sites. Precursor mass tolerance and fragment mass tolerance were set to 150 ppm (or 20 ppm, for internally calibrated trypsin digests) and Ϯ0.2 Da. These files were then analyzed using Proteome Software's Scaffold software.
RESULTS

Differential Expression of Serpin-1 Isoform mRNAs-Previ-
ous studies of serpin-1 have examined mRNA and protein levels of all the isoforms in aggregate. Northern blot results showed serpin-1 mRNA is present at high levels in fat body and lower levels in hemocytes (specifically granular cells) (36) . Whether there may be some preferred splice sites or regulation of isoform production in response to different conditions or during development is unknown. To begin to address these questions, we designed isoform-specific forward primers to the 12 alternatively spliced versions of exon 9 and a common reverse primer in exon 10, which encodes the 3Ј untranslated region for all the isoforms. PCR with cDNA from fat body and hemocytes of naive larvae and larvae injected with bacteria (induced) gave products of the expected size for all 12 isoforms (data not shown). Each PCR product from naive hemocytes was gel-purified and directly sequenced using the common exon 10 primer and found to have the sequence of the expected isoform (results not shown), demonstrating the specificity of the exon 9 primers and confirming that all 12 isoforms were expressed.
We used quantitative real time PCR to analyze the expression levels of the 12 isoforms in naive fat body and hemocytes and after an immune challenge (Fig. 2) . We observed that, in the fat body samples, isoform B was significantly more highly expressed than isoforms C, D, E, F, G, J, K, and Z, whereas isoforms A, H, and I had an intermediate level of expression. In hemocytes, all of the serpin-1 isoforms were expressed at much lower levels relative to rpS3 than in fat body, and there was no significant difference between any of the isoforms in hemocytes from control insects. We compared expression of individual isoforms within a single tissue between naive and immunechallenged conditions and only saw significant differences for two isoforms in fat body, where isoforms H and J both decreased after immune challenge (supplemental Fig. S1) .
A Proteomic Approach for Identification of Serpin-1 Isoforms-Because the 12 splicing isoforms of serpin-1 are nearly the same size, have mostly the same sequence, and all are recognized by the polyclonal antisera that have been available for serpin-1, little is known about the presence of individual isoforms in hemolymph. To assess the possible separation of serpin-1 isoforms by two-dimensional gel electrophoresis, we plotted predicted isoelectric points of the serpin-1 isoforms and predicted that a reasonable separation would likely be achieved using a narrow pH range isoelectric focusing strip (Fig. 3A) . Preliminary separations using larval plasma samples revealed that a series of 11 spots at ϳ45 kDa could be detected by immunoblotting after two-dimensional PAGE (supplemental Fig. S2 ). We confirmed by tryptic peptide mass fingerprinting that all of the spots contained serpin-1, but were not able to identify isoform types for many of the spots (44) . To enrich the samples from hemolymph plasma for serpin-1 and increase the amount of serpin-1 isoforms that could be separated in each experiment, we carried out immunoaffinity purification of serpin-1 from plasma samples and used these preparations for further analysis by two-dimensional PAGE. This purification increased the intensity of each putative serpin-1 spot and revealed additional higher molecular weight spots that reacted with serpin-1 antiserum, which were not detected by analysis of crude plasma (Fig. 3D) .
Detection of multiple protein isoforms by two-dimensional PAGE and mass spectrometry is more challenging than general protein identification (45) . Detection of individual serpin-1 isoforms proved to be particularly difficult because only the carboxylterminal region of ϳ40 amino acid residues, after residue 353, are isoform-specific. Additionally, the end of the common portion of serpin-1 (residues 337-352) contains a long region with no trypsin cleavage sites and multiple glutamic acids, making it a difficult region to detect by proteinase digestion and MS. We used multiple proteinases (46) to improve our detection of specific serpin-1 isoforms, especially for isoforms B, C, G, and H (Table 1) and used enzyme cleavage rules as listed on the ExPASy proteomics server. Spots at ϳ45 kDa (spots 1-15) were excised from three gels and analyzed by digestion with trypsin, Lys-C/AspN, or Glu-C in either bicarbonate buffer or phosphate buffer ( Fig. 3B and   supplemental Fig. S3 ). MALDI-TOF/TOF data from proteinase-digested spots was searched against the NCBI data base, and the top Mascot results are listed in supplemental Table S2 . We based isoform identification on the presence of at least 1 MS/MS peptide by scaffold (spectra in supplemental Fig. S4 ) or at least two peptides identified by peptide mass fingerprinting (PMF).
Spots 1 and 15, at the extreme ends of the IEF strip, were found by trypsin digestion to have unresolved serpin-1 isoforms and were not analyzed further. Trypsin digestion followed by MALDI-TOF/TOF analysis was adequate for identification of serpin-1 isoforms in spots 2 (J), 4 (H), 6 -8 (I), 9 (A and Z), 10 (Z), 11 (K), 12 (A), and 13 and 14 (E). Multiple isoforms were detected in a few spots. Spot 5 clearly contained both isoforms B and F. Antisera generated to peptides from the variable regions of serpin-1B or -1F recognized spot 5 (supplemental Fig. S5 ), in agreement with the MS results.
Spot 9 contained three isoform Z peaks, one of which was confirmed by MS/MS, and also a serpin-1A peak corresponding to residues 337-355. The pI of serpin-1A after cleavage between P1-P1Ј is 5.1, close to the pI of spot 10, which, along with the slightly lower size of spot 9, raises the possibility that the serpin-1A detected in spot 9 is cleaved serpin-1A.
Serpin-1 F and H have predicted tryptic peptides of very similar size, 1751.83 and 1751.88, respectively. A peptide with the observed mass 1752.029 was present in spot 4, which was inconclusive by peptide mass fingerprinting at the 150 ppm error tolerance appropriate for that spot. However, MS/MS analysis of this peptide led to its identification as serpin-1H. Additionally, three peptides from Lys-C/AspN digestion of spot 4 were identified as serpin-1H peptides, two of which were confirmed by MS/MS. One serpin-1H peptide was also identified in spot 4 by MS/MS after Glu-C digestion in phosphate buffer. All together we are quite confident of the presence of serpin-1H in spot 4.
PMF results from Lys-C/AspN digestion supported the results from trypsin digestion in spots 10 (Z), 11 (K), 13 (E), and 14 (E). Lys-C/AspN digestion also led to MS/MS identification of a serpin-1B peptide in spot 5. The only evidence for the presence of serpin-1 isoform D was in spot 8 by Lys-C/AspN digestion. This location, pH 5.2, is a little more acidic than 5.36, the predicted pI of isoform D.
MALDI-TOF/TOF analysis of peptides from Glu-C cleavage in bicarbonate buffer helped confirm the presence of serpin-1J in spot 2 and serpin-1B in spot 5. The same serpin-1B peptide was also detected by Glu-C cleavage in phosphate buffer. Glu-C cleavage in phosphate buffer also detected two masses that could match isoform C in spot 14p, although this spot is at a FIGURE 3. Immunoaffinity-purified serpin-1 separated by isoelectric focusing and SDS-PAGE. A, the calculated isolectric points and masses of each serpin-1 isoform were used to predict separation after isoelectric focusing on a 4.7-5.9 pH range strip followed by SDS-PAGE. B, immunoaffinitypurified serpin-1 was separated by two-dimensional PAGE, using separation by IEF with a pH range of 4.7-5.9, followed by SDS-PAGE on a 4 -12% acrylamide gradient gel. Coomassie Blue-stained spots corresponding to those from a duplicate gel detected by immunoblot analysis with serpin-1 antiserum (see panel D) were picked for trypsin digestion followed by MALDI-TOF and MALDI-TOF/TOF mass spectrometry analysis. Replicate gels were also analyzed after similar treatment with Glu-C and Lys-C/AspN (supplemental Fig. S3) . C, summary of identification of serpin-1 isoforms and other proteins, based on mass spectrometry and immunoblot data. Panels D-F show immunoblot analysis of replicate two-dimensional PAGE samples using antisera to serpin-1 (D), HP8 (E), and HP1 (F). Trypsin  3  1  1  4  4  3  1  1  3  3  4  3  Glu-C bicarbonate  0  3  1  2  0  2  2  3  2  3  2  0  Glu-C phosphate  2  3  3  3  3  2  2  4  2  3  2  3  Lys-C/AspN  3  3  1  3  4  4  1  4  2  2  4  3 a The number of serpin-1 isoform-specific peptides expected assuming 0 missed cleavages and a peptide mass between 700 and 3500 Da. Peptides with possible modifications are only listed once.
Analysis of Alternatively Spliced Serpin-1 Isoforms
much higher pH, 5.7, than would be expected for isoform C (pI 4.94) and spot 14 was definitively shown to contain isoform E in both trypsin and Lys-C/AspN digestions. The observed positions of all of the identified isoforms after isoelectric focusing was remarkably similar to the expected locations based on predicted pI (Fig. 3, A-C) , with the exception of serpin-1C, which was only detected in spot 14, a spot that also contains serpin-1E. Isoform G was not detected in any of the samples.
One possible explanation for the two serpin-1E spots (13 and 14) is allelic variation involving charged amino acids in the isoform-specific region of serpin-1E. To investigate this we performed PCR with primers that started in exon 8 (forward) or exon 10 (reverse) but extended into the exon 9E region and cloned the products. Of 10 clones sequenced, five matched the serpin-1E sequence in NCBI (accession AAC47335.1), whereas the other five differed by a single difference at nucleotide 10138 (C to T). This polymorphism leads to a change in amino acid 371 from His to Tyr (H371Y Fig. S6) .
Identification of Serpin-1 Complexes with Hemolymph Proteinases-Serpin-1 protein isoforms are expressed in fat body and hemocytes and then secreted into the hemolymph. Immunoblots of plasma showed the presence of putative serpin-1-protease complexes, which were increased after the plasma was treated with LPS or M. luteus (Fig. 4A) . To further analyze the putative serpin-1 proteinase complexes, we performed SDS-PAGE of serpin-1 immunoaffinity purified from plasma incubated with LPS (Fig. 4B) . We observed two bands at 60 -64 kDa, an appropriate size for serpin-protease complexes (15, 16) , which were strongly recognized by the serpin-1 antiserum (Fig. 4C) . These bands were excised and analyzed by MALDI-TOF/TOF, and both contained serpin-1 ( Table 2 and supplemental Fig. S7 ). Band 1 contained an isoform-specific peptide corresponding to serpin-1J that was confirmed by additional TOF/TOF fragmentation. Band 1 also contained masses corresponding to isoform-specific peptides from serpin-1 isoforms A, E, and K. Band 2 contained two isoform-specific peptides matching serpin-1K and an identifiable proteinase, M. sexta chymotrypsin, identified previously as a midgut digestive proteinase (47) . This result is consistent with the conclusion that band 2 contains serpin-1K in a covalent complex with chymotrypsin. Additional searches of the MALDI-TOF/TOF data with catalytic domain sequences of known M. sexta proteinases failed to identify a proteinase in band 1, suggesting that this may represent a complex with a proteinase whose sequence has not yet been determined.
We suspected that spots 16 -26 from the two-dimensional gels (Fig. 3) were serpin-1-proteinase complexes, based on molecular weight. With data from MALDI-TOF/TOF we identified serpin-1 in spots 16 -25 and prophenoloxidase in spot 26, results that are consistent with the pattern of serpin-1 antisera binding to two-dimensional immunoblots, which gave positive results for spots 16 -25 but not 26 (Fig. 3D) .
To identify the proteinase components in these putative serpin-proteinase complexes we constructed a list of catalytic domain sequences from known M. sexta proteinases (HP1-24) (40) and used Mascot to search those sequences against MALDI-TOF/TOF data from trypsin-cleaved spots. Using this Open arrows indicate putative serpin-1 proteinase complexes. Serpin-1 was immunoaffinity purified from LPS-treated plasma, and elution fractions were analyzed by silver staining (B) or immunoblot (C) with serpin-1 antiserum. F, flow-through; E, elution fraction. Putative serpin-1 proteinase complex bands are marked with arrows. Full-length serpin-1 is indicated with a diamond, cleaved serpin-1 is indicated by a circle. method, at least four HP8 catalytic domain peptides were found in spots 19, 20, 22, and 23 (Table 3) , and MS/MS data also confirmed the presence of HP8 in spots 22 and 23. Two-dimensional immunoblots with antiserum against HP8 supported these results, showing a signal for HP8 corresponding to spots 18 -20 and 22-23 (Fig. 3E) . Also, Scaffold analysis of MS/MS data identified a peptide matching HP8 in spots 19 and 20 digested by Lys-C/AspN, and another HP8 peptide was detected in spot 19 after Glu-C bicarbonate digestion (supplemental Table S2 ). Spot 21 clearly contained serpin-1, but no isoform-specific peptides were detected. HP1 was detected in spot 21 in the Mascot search against the activated M. sexta proteinase sequences by PMF (Table 3 ). This identification was also confirmed by immunoblotting with HP1 antibody (Fig. 3F) . The expected mass of a serpin-1-HP1 complex is ϳ64.6 kDa, quite close to the observed size of the serpin-1-HP1 complex in spot 21 (ϳ66 kDa). Similar two-dimensional immunoblots of immunoaffinity purified serpin-1 isoforms using antisera to HP6 and prophenoloxidase-activating proteinase-3 had no signal, indicating HP6 and prophenoloxidase-activating proteinase-3 were not present in these samples (data not shown).
Mass spectrometry detection of the serpin-1 isoform(s) present in proteinase complexes was more difficult than detecting full-length serpin-1 isoforms, because the target proteinase cleaves the serpin at the P1 residue, releasing a carboxyl-terminal that contains much of the variable sequence (see Fig. 1 ). Only isoforms A, D, E, J, and K have an isoform-specific tryptic peptide after they are cleaved between P1 and P1Ј. A search of the raw MALDI-TOF peaks from trypsin-treated samples for predicted peptides from Lys 336 to the P1 residue for the remaining isoforms in putative complex bands (spots 16 -25) failed to reveal any additional isoform-specific information (data not shown). Of the four spots shown to contain HP8 by MS (spots 19, 20, 22, 23) , spot 19 contains serpin-1 isoform J based on PMF and MS/MS results. PMF results suggest that spots 19 and 20 contain serpin-1A, whereas spots 22 and 23 contain serpin-1E, but these identifications are more tentative because of the lack of MS/MS corroboration. Altogether, these results suggest that serpin-1 isoforms J, A, and E formed complexes with HP8 in M. sexta plasma and that these three serpin-1 isoforms may inhibit HP8 in vivo.
DISCUSSION
Inhibitory serpins are under positive selection pressure and the reactive center loop evolves rapidly (48, 49) . Gene duplications can produce multiple copies of related serpins, which may diverge rapidly and gain new functions. For example, human ␣1-antitrypsin (SERPINA1) is a single gene but expansions have occurred leading to four genes in guinea pig and rabbit and up to five genes present in some mouse species (50) .
Although gene duplication has also expanded the serpin repertoire in insects, another mechanism for increasing serpin diversity involves multiple mutually exclusive alternative exons, which encode the reactive center loop. This was first shown in detail in M. sexta, where 12 different serpin-1 isoforms with different inhibitory specificities are created due to mutually exclusive splicing of 12 exon 9 variants (27, 28) .
Homologs of M. sexta serpin-1 are also found in other insects, including the Lepidopterans Bombyx mori, in which there are three alternative exons in serpin-1 and four in serpin-28 (32, 33) , Mamestra configurata, which has nine isoforms (51), and Choristoneura fumiferana, which has at least four isoforms (34) . Also homologous is serpin-1 from the flea Ctenophalides felis, which consists of 15 isoforms (35) .
A. gambiae serpin-10 (four isoforms) and D. melanogaster serpin-4 (four alternatively spliced C-terminal exons) are nonsecreted serpins (33, 52, 53) . The number of serpin-4 reactive center loop-encoding exons was compared in 12 Drosophila species and the number varied from three (in Drosophila persimilis and Drosophila pseudoobscura) up to nine (in Drosophila grimshawi) (54) . Alternative splicing to generate different C termini was also observed in Tribolium castaneum serpins 1, 15, 20, and 28 (33, 55) .
Our real time PCR results showed that all 12 M. sexta serpin-1 isoforms are expressed in both fat body and hemocytes The 12 isoforms were expressed at similar levels in hemocytes, but in fat body isoform B mRNA was present at significantly higher levels than isoforms C, D, E, F, G, J, K, and Z. The only significant change in expression observed after injection of larvae with bacteria was a decrease in levels of isoforms H and J in fat body.
Another example of mutually exclusive alternative splicing in insects involving more than two alternative spliced exons is the dscam gene, which contains three positions (exons 4, 6, and 9) with many mutually exclusive exons (12, 48, and 33, respectively, in D. melanogaster) . dscam isoforms are differentially expressed in different tissues (whole brain versus eye-antennal imaginal discs), at different stages of development, and within individual cells (56) . D. melanogaster muscle myosin also has mutually exclusive alternative splicing at five positions, three of which have 3 or more mutually exclusive exons, and similar patterns are found for myosin in many other insects (57) . Isoforms of muscle myosin heavy chain are differentially expressed in different tissues (58) .
Alternative splicing is a common strategy for increasing protein diversity across higher eukaryotes and often the identification of different protein isoforms is cited as an advantage of proteomic studies. In practice, isoform identification can be was identified by PMF alone. We used three additional digestion conditions (Lys-C/AspN and Glu-C in either phosphate or bicarbonate buffer), which increased peptide coverage for serpin-1 isoform H (spot 4) and allowed identification a ninth isoform, B, in spot 5. Antisera generated from isoform-specific peptides from either serpin-1B or serpin-1F recognized a single spot on two-dimensional PAGE immunoblots, which is consistent with the mass spectrometry results and indicates that peptide-based antisera can be used to identify isoforms from mutually exclusive exons.
A recent proteomic analysis of M. sexta hemolymph identified 11 spots on a 4 -7 pH range strip as serine protease inhibitors (spots 18 -28) and labeled four of these as serpin-1 (spots 20, 21, 26, and 27) (59). We analyzed the matched peptides given by Furusawa et al. (59) and determined that all 11 identified serine protease inhibitor spots were serpin-1. Isoform-specific peptides were present in eight of the 11 spots, representing isoforms E, I, K, and Z. The locations of the serpin-1 isoforms in the Furusawa paper are largely consistent with our results, including serpin-1E in the two serpin-1 spots with highest pI. This suggests that the two alleles for serpin-1E are found in multiple M. sexta populations.
In addition to identifying serpin-1 isoforms, we were interested in finding endogenous proteinases inhibited by serpin-1. High molecular weight spots on our two-dimensional gels of immunoaffinity purified serpins were putative serpin-protease complexes. There are a few special challenges to identifying serpin-proteinase complexes by mass spectrometry. The first is that a band or two-dimensional spot of a serpin-proteinase complex contains at least two different proteins, which reduces the confidence of the individual identifications by PMF. Many insect hemolymph proteinases contain amino-terminal clip domains that, after activation, are attached to the catalytic domain solely by a disulfide bond and separated by SDS-PAGE under reducing conditions. Identification of a catalytic domain by PMF data base search (such as Mascot) is challenging because the sequence in the data base is the full-length protease zymogen, whereas only the catalytic domain is present in the complex spot. Less coverage leads to a lower score and a higher likelihood of a false negative. Identifying individual serpin-1 isoforms is also more difficult after the serpin complexes with a proteinase. After cleavage of the serpin at the P1 residue by a target proteinase, at most only 1 isoform-specific tryptic peptide remains (in the case of A, D, E, J, K) and, for the other isoforms, there is no remaining isoformspecific tryptic peptide.
The use of multiple digestive enzymes contributed to the identification of HP8 in putative proteinase complexes. MS/MS analysis of spot 19 led to identification of two different peptides matching HP8, one each from Lys-C/AspN and Glu-C bicarbonate digestions, whereas an isoform-specific peptide for serpin-1J was observed in trypsin-digested spot 19. Lys-C/AspN digestion followed by MS/MS also identified a HP8 peptide in spot 20. Based on single isoform-specific peptides indicated by PMF, we have support for the presence of serpin-1A in spots 19 and 20, and serpin-1E in spots 22-23. The presence of isoform 1J in spot 19 was further supported by MS/MS results. These results and those from immunoblotting indicate that serpinproteinase complexes form between HP8 and serpin-1 and that the serpin-1 isoforms involved are A, E, and J. In a previous study with recombinant protein, A, E, and J were the only three serpin-1 isoforms observed to inhibit a fungal protease, PR2, which cleaves after Arg residues (27) .
HP8 cleaves its substrate, pro-spätzle after an Arg residue and can cleave an artificial peptide substrate with a P1 Arg (6), consistent with the inhibition of HP8 by these serpin-1 variants that have a basic residue at the P1 position of the RCL. In vitro studies confirm serpin-1A, E, and J as possible inhibitors of HP8 and show that serpin-1J is the most effective of the three isoforms (6) . Another serpin-proteinase complex was found in spot 21, with unidentified isoform(s) of serpin-1 and the serine proteinase HP1. This proteinase complex was confirmed by immunoblotting with both HP1 and serpin-1 antibodies. HP1 has a predicted trypsin-like specificity and has been found in complexes with serpin-4 and serpin-5 (15) . Other proteinases in serine protease cascades have been found to be regulated by multiple serpins (17) , which may be related to changes in individual serpin concentrations after infection. HP1 is a candidate for a cleaving serine proteinase homolog-1, and may also function more directly in phenoloxidase activation (60) .
We have demonstrated that all 12 variants of serpin-1 are expressed in fat body and hemocytes of M. sexta, and we were able to detect and identify 9 of these isoforms in plasma through proteomic techniques. The functions of the serpin-1 isoforms are not yet well understood. The results presented here provide evidence that serpin-1 can inhibit several known M. sexta proteinases, including HP1 and HP8, which occur in plasma and have immune functions. Serpin-1K was identified as a complex with a digestive chymotrypsin, which may point toward a role for the serpin-1 variants in protection of tissues from endogenous proteinases that escape their normal compartments and enter the hemocoel. The multiple serpin-1 isoforms may function to inhibit specific plasma proteinases and also provide a background level of protection against a broad range of potentially harmful endogenous or exogenous proteinases.
